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ARSTRACT

C1,05 has been identified as a p roduct of the ClO | OCIO 4 M 1 caction at 220K using,
submillimeter spectroscopy of thercactionproductsinaflowing gas mixture. ‘J1} (., speetra
of all fowr Clisotopic species have been obser ved inthe 41 5 436 GHz reg ion.  Selected
t1 ansitions have also been mcasured at frequencics down to 209 Gllz. The rotat ional and
centrifugal distortion constan ts have been deternined for all fow species. The guadi upole
sphttinigs have beeni fit ted for tie man 1 species. Structural parameters similar to those
of otlier chlorine oxides have been derived from the rotational const ants. Thiese and the
quadi upole coupling constants arc consis tent with {11 ose expected fromn @ chlorine chlor ate
structure with no planes of symmetry. Structures which satisfy the requirementinferred
from published infrared data that the the Cl= () bonds are shorter than those in OCIO al |

musl have long single b onds between the ClO and OCIO portions of the molecule.




INTRODUCTION

The recent recognition of the role of chlorine in Antar ctic ozone destruction has motiva ted
anumber of experimental and ab tuitio studics of the ClO self reaction. A primary focus of
many of these studies has been the characterization of the reaction p roducts und er str ato-
spheric temperature and pressure conditions. Although a dimner having a peroxide structure

(1) has been dentified as amajor product of the low temperature tiree body react ion,
ClO -1 CIO-4M -H» CLOOCI -1 M (1

there continues 1o be speculation about the impor tance of the chloryl chloride, CICIOg, and
unsyminetric straight chain, CIOCIO [isomers (2-4). Spectroscopic evidence for the alternate

isomers ha s been obtained using the reaction
Cl - 0CI0 - » 2C10 (2)

as thie source of ClO. Interpretation of data obtained in these C1I/OCIO reaction systems has
been coruplicated, however, by processes which for m higher oxides of chlorine. For examiple,
the infrared and ultraviolet absorptions previously attr ibuted to CIOCIO have been recenitly
1cinterpret ed by Hayman and Cox (6) as belonging to Cla0s. Formation of Cl20s in these

mixtures IS presumably due to the reaction
ClO -1 OCIO - M- Cl,04 -1 M (3

which competes with ClO dimerization and apparently is favor ed at low temperature and high
OCI0 concentration. Production of Cl,04 has also been observed in QOCIO static photolysis
experiments (6,7). The mechanism for formation of this species remains uncertain but may
involve further reactions of ClyOs.

In the present study we have (txa;ninc(l the products of the Cl-) OCIO reaction system

al 220 1< using milliieter spectroscopy.  In addition to t1 ansitions corresponding to ClO

and ClO0OC L many i C\V, Lighly resolved, product spectral features have been observed and




assignec to the main isotopic species of a compound whose rotational constants are consistent
with a hlorine chlorate structure.  Subsequent assignment of the two singly substituted
sprecies as well as the disubstituted species have confirmedthe presence of two chilorines and
have allowed the determination of some structural parameters. The production of C1OOC!
in this reaction system is observed to be much lower tharvin a system using C,0 - Cl
as the ClO source, everr wherni the initial ClO concentrations are sitnilar. In this report we
summarize the spectroscopic data that we have obtained hothinterms of the structure of

Cl,03 and in terms of the relative rates of reaclions land 3.
EXPERIMENTAL 1)BESCRIPTION

The basic spectrometer - 10w reactor setup is similar to that described by Birk, «f
al.(1) Several enancements were added, however,  Whereas previously onty thereactor
was temperature controlled, for this experiment the absorpt ion cell and the reactor were
maintained at the samcetemperature. The sample cell also was fitted with insulated, recessed
Teflon windows to keep the observing region more uniformly cold over its entire length. The
millimeter waves were passed through a polarizer; traversed the sample cell, reflected ofl a
rooftop reflector back through the sample and were then reflected into the detector. The
total path for the double pass mcasures 1.8 m.

The analog signal from the lock-in ammplifier was passed with minimal time constant to
a voltage to frequency converter followed by a counter. “1'11(1 total 11111 y1y¢ "1 of countsper
pomtwasstoredina @@k top cor nputer. Since there 1S negligible tiime constant distortion
of spectral features using this scheme, features recorded during theinitial scarch for spectra
were used without the needfor remeasurement. Al data in the 400 Gllz region were recorded
with a point spacing of 120 kllzanda dwell time »f 2201ms per point of which the final 200~

-
ms were used Lo record counts.
The region between 415 and 436 GHz was covered nearly completely by a nuinber o f

individual sweeps of between H0 and 200M 1z in length. Master files conitaining all the dat ain




proper sequence were then generated for both the reaction mixture and the OCIO reference.
New features were readily identified and incasured.  For the purposes of this paper, peak
finding routines were not used for most mecasurciments, Inge neral, the freque ncies reported
represent cursor positions for line maxima obtained during, visual comparison of reaction
and referencespectra. I is expected that these are within one data point of the true line
center for most features. This assumption scems to be borne out by the rins of the fits. The
measurcments are adequate for the determination of very precise rotational constants, Peak
finding routines were uscd for quadrupole split lines, mecasurements of individual lines at
lower frequen tics, and for checking the accuracy of transitionsinthe 40( 1 GHzregion. '] 'he
positions of some transitions partially obscured by OCIO features were accurately measured
after subtraction of the reference spectruimn.

For the initial product surveys, Cl - QC]O reaction conditions were cl josen Lo maximize
the expectedyicld of ClL 0. Towards this goal OCIO concentrations within the reactor were
kept significant]l y higher than those of atomic chlorine in order to insure complete conversion
of Clto Cl1O and CIO k) Cl03. One possible complication was competition from the Cl1O
self reaction (Reaction 1). Inthe C1/OCIO chemical systemn the relative yields of Cl,03 and
ClOOC! are proportional to th e ratio of k[ClO] to k[OCIO] since

1,041 k[CIOJ[OCI0]  k[OCIO)

(
{Cl?()?] R [OI0)[C10) T Tl[C10)

Rate constant values have been obtained recently by Sander, ef al. (8) and Trolier, ¢f al.
(9) for Reaction 1 in the temperature range 200 to 250 K and by Parr, et al.(10) at 226 K
and Burkholder, ¢t al. (11) over the range 200 - 260 K for reaction 3. Based on the literature
kinetics data we estimate that the value of ky/ky at the experimental temperature of 223 K
is approximately 6. Accordingly, the use of itial ratios greater than b for [OCI0]/[Cl] was
predicted to suppress chilorine pcroxiéo production as well as to greatl y reduce residual C1O

levels. This prediction was b orne out by the fact that features atiributed to Cl,05 showed

no growth for OCIO/Cl ratios g reater than 5.
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Atomic chlorine was gencrated using a microwave discharvge in molecular chlorine which
was flowi ng into the reactor through a 2mm id. thick walled quartz capillary tube, Maximum
Cl concentrations obtaimable in the chemical reactor were onthe order of 3 x 10'%.cin” %,
Chlorine dioxide was generated in situ by passage of 1ol ceular chlorine through a 2.5 cn
diancter U-tube trap find to a height of approximately 20 cin with sodium chlorite and
glass beads. Gas flow rates and pressures inside the trap were regulated by two fine-control
needle valves located up and downstream of the trap, respectively. The trap was located
inside a protective box in case of explosive decomprosition of the OCI0.

The experimiental pressu re and residence times employed for the initial part of this study
were similar to those employed previously for CIOOCH. ‘Jeta] pressures were approximately
310 0.05 Torr inthe reactor and absorption cell, respectively. One second residence times
were maintained in both regions.  During later measurements of quadrupole splittings it
was found that Cl,03 could be produced at very Jow pressures (<().()] ‘Jerr) directly inthe
absorption cell. This low pressure production is consistent with the kinetics data reported

by Parr,et (17.(10), and Burkholder, et (/1.(11).
SPECTRA AND AN ALYSIS

The experimental reaction product spectra contain nmmerous new lines as well as those
duc to NOCI and ClO. CIOOCI transitions may be present in some scans, but they are very
weak. Cl,0 and HCO,4 features are absent. In addition to transitions eventually assigned
to Cl20y4, there are a significant number of weaker features which have not been identified.

Although there are no published ab initio structures for Cl,03, Hayman and Cox (5)
suggested previously that chlorine cilorate, ClIOCIQ,, is its most probable form. This con-
figuration of the molecule is shown in Fig. 1. Preliminary structural parameters were
cstimated from those of related (ron’;p‘mmds and a scries of rotational constant calculations

were carried out as a function of dihedral angle. The estimated paramecters are listed in

Table 1 and the results of the caleulation are plotted in Fig. 2. The dihedral angle is that
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between 1y and the one of the double bonds (1-2-35 inlig.1.) It can be scen that while
the A rotational constant is quite sensitive tothe choice of diliedral angle, I3 and (0 have a
imitedrange of likely values.

In the 415 436 GHz range o f  the initial scarch o11e expects strong perpendicular * ¢
ranches of thetypeJ -{ 1« J; K, 4 1 « K, with no asymmet ry splitting at the highest
values of I¢,. These would have a characteristic spacing of z¢ (13 -1 C). The scarched region
was chosei to be large enough 1o contain at least one branch origin (J = K,). The y1, parallel
transitions in this region have J values of = 100. Lower frequency observation s subsequently
showed that they should be very weak andunobservableunder theconditions of the 400
(;117 Sed’cll .

The transitions of the new species were quite strong and several b ranches with approx-
imately the correct spacing, were quickly identified by visual inspection of the plotted spec-
trum. After aninitial fit yiclded rotationial constants for the main isotopic species, rotational

weoe CS 1 ale . a .
were estimated from ¢ molecular structure consistent,

constantsforboth 1110120 37Cl species
with thenormal species constants,  Transitions were again readily assigned. Pinally, the
substitut ion coordinates were used to predict the rotational constants of the disubstituted
molecule.Itstransitions were found very close to their predicted values and their assignment
was straightforward. The approximate 9:3:3:1 intensity ratio for the spectra assigned to the
normal, both monosubstituted, and disubst ituted species indicated that the assignment was
correct . Confirmation of the fact that spectra had been p roperly assigned to the mono-
substituted species was obt ained by observing the quadrupole splittings of several lower J
transitions at lower frequen cies, thus eliminating the possibility that these spectra arise from
low lying excited vibrational states.

Almost all the transitions used for fitting the spectrumn have g sclection rules. Some

.

lower frequency 4y, transitions of the main species were meas ured using signal averaging and

included in the final fits. Some scans were taken athigher sensitivity and disclosed weak




features at frequencies predicted for jg ta ansitions. “] “he presence of a bcomponent of the
dipole moment eliminates structures with @ planc of symmetry from consideration. Both 4,
and j, type transitions were found to be at least a factor of ten weaker than g, transitions
of corresponding stren glh per unit dipole. The values of 1)0111 1, ana gy, thus must be less
than1/3 that of /I..

Table 11 shows the transitions used to obtain the rotational and centrifugal distortion
conist ant s showninl'able H1. These arc used in the determination of struct ural param cters

discussed beclow. The Hamiltonian is a Watson S yeductionin a I’ representation.
i1 = AP?4 BPZ4CP?

S Dy Pt Dy PRP? - D P PP PRy dy(F oy T

4 HG PO My PUP2 A Mg P22 1y 1

A by PAPE PRy g PP DAY 4l (P 6

f g f e .
A Laaxg PP Lo PP P8 L I8

with
]A),| = A)l, ‘} Ti )C
L LR 1)

For the singly substituted species, it was found that the coeflicients of terms with sixth
and higher powers of angular momenta could be fixed to those of the niai nspecies with
no significant deterioration in the qual‘i ty of the fit. The quarti ¢ constants of the doubly
substituted g])cc.its, when determined independently, were within their own uncertainties of

those calculated from those of the singly substituted species by assuming that the effects of
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the Cl substitutions were additive. The final fit was carried out simultancously o11 all the
isotopic species using a conmmon Set of sextic and octic parameters and quartic terms for the

disubstituted species subject Lo the condition

D@T- 37) = D(37- 3b) D(3b- 37)- D(35- 30),

where D) is any quartic constant.

Quad rupole splitting has been observed for anuinber of transitions at relatively high Jfor
theinainspecies and several transitions for the singly substituted **Clspecies. Only the main
species splittings have been fit ted. The substituted species are used to distinguish hetween
the chlorines. For the transitions observed, the sixteen stronigest components occurred in
groups that gave the appecarance of doublets, triplets or quartets symmetrically arranged
aboutl the unperturbed line center. The best measured of these were used to determine
the diagonal components of the quadrupole tensors. These are listed in ‘1’able 1V and the
derived constants are in Table V. Terms ofl diagonal in J were neglected. There is no sign
information avail able in the data set, but this can be inferred from quadrupole couplings
in related cornpounds. T'wo such examples are also listed in Table V and will be discussed
further in the following section.

It has not yet been possible to assign torsional or other vibrational satellites for any of the
Cl203 species nor has it been possible to identify a pattern of lines attributable to another
molecular conformation. None of the unassigned transitions appear to be as strong as those
of the mono 3Clspecies. The strongest unassigned transitions are about a factor of scven
weaker than st rong Cl20s transitions in their vicinity. A torsional frequency of /100 cin”?
would give rise to satellites consider ably stronger than transitions from the singly substituted
species. It scems unlikely that the stronger excited state transitions are all obscured by the
rich OCIO and Cl203 spectra or occur in regions of 10W sensitivity. Burkholder, ¢t al., (1 1)

find discrepancies in their analyses of kinetic and thermochemnical data which they take
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as an indi cation that th ¢ entropy Of Cl203 is not cal enlated ¢ orrectly from th e rotational
constants reporied here, ab indtio vibrational frequencies provided to them by llehre, and the
assumption of rigid rotor behavior, While this may be a result of significant non-rigidity, it is
not possible from these rotational data alone to determin e if the torsional frequency is high
or if torsior - rotation perturbations make the satellites diflicult to identify. Although Cl, O3
is weakly bound, th e results of Ref. 11 make it scem unlikely that the molecule dissociates
when the torsional mode is excited. More €Xper jimental work is required to assign excited

states aud to identify, or eliminate the possibility of other conformers.
MOLECULAR STRUCTURE

Although the derived rotational and quadrupole coupling constants provide strong evi-
dence that the assigned species have a chlorine chlorate configuration , individual structural
paramecters cannot be determined unammbiguously from the available rotational data al one.
Certain assumptions about some 0f the molecular parameters must be made. These are
based on molecular parameters 0f related compounds and on published Cl, Oy vibrational
spectra.

The positions of the chlorine atomns are casily determined by the substitution method.
These are given in Table V]. 1t is found that both atoms have very small b coordinates,
and that the terminal Cl atomn has a small ¢ coordinate as wc1], The ¢ coordinate for
the end Cl is siall and iimaginary when derived from the rotational constants of the two
molecules with a central 3*Cl. This is probably the result of small vibrational eflects and
IS not uncommon for atoms near a principal axis. It should be noted that the magnitude
of the ¢ coordinate s about the samne asthe b coordinates and provides a measure of the
uncertainty in determining the small coordinates in this molecule. The Cl C) distance is
well determined and is slightly larger thanin C120, 9.87A versus 2.80A. 1t suggests st ro ngly,
without< thenced of any assumnptions, that the molecule contains a Cl-O-Cl group. This

distance may also be compared to the 1.99A bond length in Cly and the 3.33A €1 Cldistance
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in CIOOCL Although it is possible to obtain a suitably short Cl- Cl distance in a molecule
containing a CIOOCI group by postulating a simall Cl-0-0-Cl dihedral angle, such structures
arc incompatible with the derived substitution coordinates for the Cl atoms.

Yor the general non-planar asymmetric rotor N - 3 isolopic substitutions are required to
determine the molecular structure. Although it may scem that the substitution of cach of
the two chlorines would provide cnough information for a complete structural determinatien,
that is not the case for this particular molecule. The presence of a triangle of O atoms leads to
an ambiguity in the structural determination which can be uniquely solved only by isotopic
substitution of at least one of the O atoms. If the triangle were »quilateral, its rotation
aboul its center in the plane of the oxygen atoms would not change the molecular moments
of inertia. Although this is not the case, the moments of inertia are not very sensitive Lo
the orientation of the O, triangle and acceptable fits to all the rotational constants can he
found for a large number of molecular geometries. In the absence of oxygen substitution,
he position of the oxygens must be constrained for the structure calculation. This can be
done by fixing the terminal CI O bond distance, Iy, to a convenient value close to those in
other compounds. 1t was found that the terminal Cl. O bond length had little effect on the

structure of the remainder of the molecule exeept for the Cl-O-Cl and dihedral angle

The small ¢ coordinate for the end Cl and he simal b coordinates for both Cl atomns lead
to additional ambiguitics in the structural determination. In addition to the usual problems
associated with the determinations of siall coordinates caused by vibrational cflects, the
relative signs of the small coordinates cannot be determined without further assumptions
about the structure. There is a range of structures in the vicinity of four distinet minima
obtained by fitting the planar moments of incrtia which adequately reproduce the moments

. The four ininima correspond to the four unique

of inertia for all the ohserved isotopic specic

. The nolecular parameters for cach

h ]
choices for the relative signs of the small coordinate

minimum are given in Table V11, The parameters have heen calculated for outer smgle bond




lengths of  .673 and  .705A which span the range of bond lengths from CION( 2 (14) to
ClOOCI (1). 'This illustrates the small effect of the assumed bond length on the remainder
of the structure. The relative sign of the b coordinates of the Cl atoms js deterinined Hy
the inner single bond length, ls which has a strong inverse correlation with the lengihs of
the Cl= O bonds. The b coordinates are the same sign for a minima with a long 1,3 The
relative sign of the ¢ coordinates is a function of diliedral angle. The signs are the same for
Z123, near 50°. All of the structures near the minima have skew chilorine chlorate geomelrics,
but some are more compatible witl published spectroscopic and structural data for this
and related molecules. A preferred molecular configuration may be sclected by applying
additional constraints based on these data.

The fits seem to require that both the 0-Cl: O angles and the Cl: O double bonds be
somewhat diflerent from one another. However, these paramcters are strongly correlated
with cach other. Although Cl,04 has no syminetry, fits to the planar moments for which
the double bonds are constrained to be cqual to cach other have about the same standard
deviations as fits for 1°CIO, (12, 15). Since the correlations preclude a reliable determination
of the individual double bond Iengths, and since its seems reasonable that they be approx-
imately of equal length, the assumption has been made that the double bonds lengths are
identical. The O-Cl= O angles cannot be simultancously treated as identical without a sig-
nificant deterioration of the qualily of the fit. The net result is that the departure of the
ClO3 group from C, symmetry is assumed to be entirely the result of a tilt of the O- Cl: O
group with respect to the Cl- O bond. The condition that the double bond lengths be the
same causcs the minima in the vicinity of It and 4 in Table V11 to be very broad and
shallow. The minimum in the vicinity of I'it 4 disappears entirely as Iy is increased from
1.673 to 1.705 A. The minima in the vicin ty of Fits 2 and 8 remain sharp and distinet The

r

h ]
parameters at these new minima are given in Table VI11. Note Uhat once again the structural

paramcters depend only slightly upon the value to whicl l12 has heen fixed.




Infrared studies indicate that the Cl: () stretching frequencies are higher than those

of OCIO but less than those Of FClO2(7, 11, 15). Stretehing frequencies Of bonds hetween
identical atoms arc often an indication of bond strength and lenigth with higher frequencies
associated with stronger shorter b ond s, In the present case the stretching frequencies are
taken as an indication that the double bond lengths are less than those of OCIO but greater
than th ose of FClO2 (2). Therefore, the double bond lengths are restricted to the range
1.42- 1.47A (11,16). The sharp minimum in this range is I'it 3a, although structures with
slightly different parameters near this minimum adequately reproduce the planar moments.
A series of structure inthe vicinity of I'its 1 a and 3a with the outer Cl-() bond fixed at
1.705A and the double bonds varied from 1.42! to1.47A arc givenin Table 1X. The variation
of these parameters with {12 may be estimated from Table V]] 1. Structural parameters of
0CI0 and FCIOg are shown for comparison. Structures inthe viciuity Of Fits 2a and 4a arc
rejected Im.cause Of thelong Cl= O honds.

The structures in the vicinity Of Fit 1a are not unreasonable, but al have O=Cl= () angles
less than FClIO2 and an average O=Cl o angle greater than 1 ClO,. The strut.tums near
the sharper minimuim 3a are the only ones which siinultaneously can have both Cl: O hond
lengths and O= Cl= () angles between those Of 1°ClO2 and OCIO. In addition, their O-Cl= ()
and Cl- ()- Cl angles are reasonable whencompared with the 1 Cl= ¢ angle in FCIO; and the
Cl 0- X angles in CIOCI and C1O0OC] . Because Of the better fit and the greater similarity
Of the structural paramcters withthose Of related compounds, it is believed that the true
structure 1S close to that that determined by Fit 3a.

The structures listed al havelong inmer CJ- () single bonds, las. This is consistent with
the fact that ClaOs s easily dissociated into C1O aund QCIO and the fact that F'CIO; has a
long 1- ¢l bond. The structures near FFit 3a all have thel- 2 bond alimost irons to the 3 4
double bond. Fig. 1 is drawn to 1'(31)1'£!S(tllt these stru ctures.

The quadrupole coupling constants are aso consistent with the derived molecular struc.-
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tures in Table IX and with the assuinption that li2 is a typical CI () single bond. As was
shownin ‘1’able 1V, the components for the Cl in C1ONOz are very close to those of the end Cl

in ClOCIO 2. This is in agreement with the determination of the molecular geometry which
shows that the CI- ()- C] planc is only slightly out of the principal ab plane and that the
projection of the molecule in that Plane has a configuration similar to the planar CIONO,.
It is dso anindication that the outer chlorines have siintlar enviromnents in both molecules,
a condition which is implicd by the assumnptions about {12.

The comparison of the IFClO, Cl quadrupole constants with those of the central Cl shows
that both atoins have a similar chemical environment. The chlorate portion of Cl;03 has
only a slightly different orientation with respect to the ¢ principal axis than dots 1'CIO, to
its ¢ axis and the values for the yo’sarc quite closc. Some of the differences in the values of
Xaa and xg can be accounted for by rotation about the ¢ axis. Parent and Gerry estimate
the change in p electron population at the Cl atom in OClO upon formation of 1'ClO,. They
conclude that there is a shift of 0.64 of an clectronic charge toward the I atom. It appears
that the C1O group is about as eflective in withdrawing charge from OClO as is a fluorine

atom.
CONCLUSIONS

The millim eter spectrum of anisomer of Cl05 has Heen identified for the first time. Thie
rotational constants, quadrupole coupling constants, t ¢ derived Cl coordinates, and sel -
tion rules show unambiguously that the observed molecule has a chlorine chlorate structure
with no planes of symmetry. One must 1)cc.artful not to over interpret the structural details.
There remain corrclations among the molecular parameters which can be resolved with this
type of experiment only by substitution of at least one of the () atoms. The structural
determinations have required some as;mnpti(ms and conscquently the individual parameters
arc not precise. However, it has been possible to find a small range of structures which are

consistent with not only all the!l experimental data reported here, but aso with structural
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parameclers of rclated compounds, and previous |ow resolution 11{ and UV spect roscopic
investigations of gas phase ClaOa. The main features of these structures are Cl= () bond
lengths between those of OCIO and FCI0;, a long single bond between the ClO and OCIO
moities of the molecule, and a nearly planar trans Cl- O Cl= () portion of the molecule. This

study dots not climinate the possible existence of other forms of ClOs.
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Figure Captions

Iigure 1. Chlorine chlorate configuration of Cl,0s.

Figure 2. Fistimated Cl203 rotational constants as a function of Cl- () Cl= () dihedral angle.
The angle is defined as zero when the terminal Cl () bond is eis to one of the Cl: () b onds.
The left hand side of the plot represents a Cs configurationin which the terminal Cl- ¢ bond

is cisto the bisector of the O:=Cl: () angle.
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Table 1. Parameters for Iistimating Rotational Constants

D’aramctcr
LCIT1)O(2)
LC1(1)-0(2)-C1(3) | 110.0°
(0(2)-CI(3)-O(4) | 101.7°
1 CI(3)=0(4) 1.445 A

£0(5)=C1(3)=0(4) | G 4°
1 0(2) CI(3) 1775 A

sstimated Value

1706 A

* Reference 1.

*Iron ‘1'able 1X of Reference 12.

Referencee Meleenle
coocr
C100CI
FCIO®
}CI0; and QCIQ® average
FCIO; and QCIQ average
0.07A Jonger than normal
single bond.b

—_—— |




15150

Py

TABLE 11

40y9,2)
402020
3}3) 10
K.Af
4117 30
4111.31
18.22
412021
423111
4210.23
4318. 25
19,24
44]8,26
4419,25
453],14
458,27
4519,X
31,15
32,14
4615 28
717 20
471829
4$31,17
48.,7,3,
4817, 3]
4814 30

5117, 34
52'\1 2
32,20
Zm 36
5217 ae
5331.22
5332.21
537,47
.)33 46
5313.40
8313,4)

531 ¢.a7

~ ®CL0;
'252080.005 -0.03
215875411  —0.05¢
214134596  --0.02
212347859  0.07¢
212347.859 007!
252478.972  -0.04"
424253 107 0.07:
418632.835  --0.01:
431967.594 - 0.05(
422489947 -0.041
435823.433  0.01%
252672.664 - 0.03(
215603.682  0.044
416868.595  0.184
430200954 -0,01%
420723283  -0.092
434054841  0.110
124576.987  --0.099
418949.947  0.06:
432280554  0.03;
215751.152  -0.00:
422800.267 - 0.03(
214889.294  —0.00(
215643.370 ~-0.03"
417163.747 -0.15[
420401587  0.10¢
434341793  —0.00(
420318307  0.081
251983.343  0.014
115356.188  0.008
128694.786 —0.047
120274255 -0.104
119194.747  0.016
132534354 0028
120228.835 -0.124
123030.787  --0.015
120182155  0.161
421164.403  -0.00%
120031.363  .-0.001
424985.826  0.030
419977.823  0.027
433317233 --0.074
128803.674  0.040
119225.707 --0.018
132617.753 -0.007
119865307 -0.094
1230281987 -0.052
119806.495 -0.005
1330"84.181  0.007
i17168.427 -0.022
130621.314  0.025
120944443 0005
134409.833  0.053
119618.443 -0.078
:32956.621 -0.100
24714.026  0.036
19551.963  --0.004
32890.143 -0.014
11276.326  —0.010
13028521 0.003
11302,862 —0.176
11302862  0.003
28476.866 1.0h9

215015913 0.06]
215230399 0.026
215230399  0.02%
422672587  -0.010
426503802  0.078
417035708  —0.000
430333.842 -0.020
434162.945 - 0.035
214484.804 0,084
214550.819 —0,02]
428523.78G -0.09]
419056.315  0.03?
432350094  -0.028
422883.427  0.033
417239.635 -0.080
213128079  0.011
214181371 -0.039
415411.041 -0.0]1
428706.786  0.071
419230.267 -0.027
432525834 0.059
383122251 -0.114
417373.867 0.135
430676.274 0,035
313922.244 --0,023
313922944  -0.230

0.025

421183.723

115478.181 - 0.026

128795.946"  0.030
4]9277.184 - 0.041
432597.833  -0.091
423073.082  0.128
417300.883 -0.000
130653.911  -0.000
421079.083 —0.047
4344‘3‘8‘. 817 -0.000
-
115209.908 -0.088
128621.706  0.029
118961.827 - 0.009
122707507  0.062
‘?(‘.A‘A‘f; nen O ana

Fitted Transitions

252004.829

214759.272
214759272
4241621867

4]8226 515
431665.674
421977,883
435415.841

416040.188
429477.474
419789.515
433225.505
383217.968
423537.667

417594..787
431030.154
421339.843
434774513

425083.506
415388.924
4QSSZu 754

419129 755
432566.273

416897.875
214379.668

120630.067
134073.881

418352.155
431811.762
422071.123
435533585

425786.946
41G010.0G8
429499.194

419712 .955
133?08.105
123411.547

(17241.723
130795.194

[20914.563

0.0IE

0.08¢
0.08¢
0.104

0.032
-0.092

0.043
0.048

0.007

-0.013

0.060
- 0,029

-0.011
0.064

0.003
- 0.054

0.093
-0.039
-0.027

- 0.018
0.030
-0.038

0.074
-0.078

0.032

~ TR0,

422582.467
426307.722
416629.028
430031.994
420353.4G7

424076.947

435241.121
425562.666
415882.628

419601.043
432998921

423318.067

430747554
42105$1.7G3

124770.426
115072.908

118778.755

122482.147
426183,282
416459.756
429881.802

420152.875

117756.235

121429.843
134892353

125098.866
115250 588
128763.306

118898.947
132422.994

-0.118
0.022
0.000
0.128

-0.061

- 0.067

0.130
0.011
-0.010

--0.007
-0.187

0.042

0.152
-0.055

0.014
- 0.011

0.(126

-0.073
- 0.006
-0.021
-0.020

0.062




5915,44
59]5.45
5916 43
608,52
6015,45
601546
16,44
602328
6115 40
611547
613645
6132,30
621448
214,49
1547
1548
623231
6314,50
6315,48
6315,49

O14 51
653452
6517 48
6517,49
6522 34

7312,62
7313,61
74 10,65
411,64
7412,63
7413,61
7512,64
761166

810,08
801,69
621770

701160
7012,58
012,59
111,61
12,60
210,63
121162
12,61
9,65
7310,64
7311,63
312,61
7411.,34
510,66
9,68
10,69

8111,70 |

TABLE 11. Fitted Transitions (continued)

“—-=cl;cZ"--- T35~ <} 37(: 1(~
418648.915 --0.00
432232.554 - 0.02
419412.835 0.06
432751.073 --0.05
422373.907 0.12 <o
433903.913 -0.03
432678.473 - 0.12 S
212771 .5935 0.05
212770.620 0.00 Cee
4213089.202 0,03 424036.867 0.01
419265.187 0.02 v
432604.073 0.08
415897.228 0.07
415997.228 —-0.02
419187.9(17 - 0.18:
419651.035 0.11. | 4 7611.227 0.16
41'3651.035 ~0.04: | 4 7611.227 0.03
433489.673 —0.001 cen
317403.276 0.01! ..
423290.827 0.1} 421231,723 0.06
423290.827 -0.14’ 421231.723 - 0.15
e 435057.52] 0.00
432367.554 0.19: e
418943.347 0.08!
416245.868 - 0.02¢
416254.988 --0.05%
430525.674 0.271
430525.674 -0.37(
418857.007 0.05: e
419755.43b - 0.011 417720.355 0.04!
417731515 -0.07’
434118.665 —0.027 | 132005.874 0.30:
434119.625 - 0.06¢ | 432005.874 - 0.51:
432110.754 0.16C v
423240,307 —-0.03[ | 121192.963 0.00"
4232G0.587 0.034 | 121209.643 - 0.02!
124664.946 -0.011
214885.845 - 0.06%
?14885.845 -0.04:
418583.275 0.028 cee
417619.147 -0.017
417619.147 - 0.095
430128.234 0.049
430171.434 0.041
418486.795 -0.116
429446.154 -0.014
424170.067 0.094
429446.154 -0.016
424170.067 0.040
417723.355 0.014 i
418303.555 -0.070 16315.708 0.017
433526.393 0.076 31451.354 0.071
433588.793 0.044 Ve
214700.026 -0.018 114270.791 0.001
2]4700.026 0,024 ‘14270.791 0.034
418387.795 -0.144 .
421580.563 0.039 19581.363 0.069
. 34809.673 0.026
214358.876 -.0.016 .
214358.876 0.052
424952.706 —0.086
417484.987 -0.030 .
423754.747 -0.118 21904.323 -0.053
v 22826.067 0.037
424095.187 0.0G3
424190.347 0.120 s
e 26053.442 -0.134
416647.916 0.080 e
4293G0.30G -0.011 X
L 29268.914 0.116
420266.275 —0.064 18011.475 0.006
434544.881 -0.011 32478.074 0.140
416821.272 -—0.016 e
423992.107 -0.011 21649.683 0.027
425148.404 -0.092 -
421937.323 0.013 e
25400.666 - 0.10G
35100.962 -0.055
432740.873 -0.022
421930.238 --0.024
415112.521 0.040
422317.507 0.027

TG0,

18217.875  0.03
31895.906 -0.07

3266 073 008l
25824.866 011
258248GG - 0.1G:
15014.788  0.05!
15021.028 - 0.06!
29343.746  0.20¢
29343746 --0.22!
18451.875 - 0.03[
11848283 0.071
6253.308  0.004
6666.995  0.136
9301.907 -0.122
9868.787 - 0.032
6209.922 - 0.104
9355.966  0.080
2491.644  0.056
421098523 - 0.068
124682.826  0.029

416176.148
429808.602

42337'2.547

116669.995
116669995
130533594

120196.675

120196.675
134099.681

[16367.476
116375.156

23129.787
23146.587

433138.841

0.019
-0.102

- 0.02¢

|

g_oc ocoo
O oo~

NNS D&

—Wem  ~rnrm

0.032
-0.039

-0.119
-0.043

0.135




Table 111. Rotational Constants

O U0, STIGTl0, TOT0, 000,
’ e 097.0701(65) — 8628.4417(64)  8596.3292(01 }

B/MIz, 2106.40979(200)  2089.93166(262)  2044.34739(290) 2027.8504(44

C/Milz 1776.12211(242)  1765.6250(3G)  1731.7612(83)  1721.0860( 92)

Dy /K1l 1.6055(122) 15925(1 27) 1.8711  (142) P

Dy /XN 6.5344(45) 6.4329(46) 6.2956(50) b

D, /KN 0.47403(47) 0.46752(47) 0.45302(59) b

di /K11, --0.081808(293) - 0.078775(3(15) -0.07611(42) . ..t

& /K1, 0.020749(141)  -0.019779(155) -0.018948(185) . ..b

My NMlz 0.2100(152) .o .. A

iy /N, —0.2110(44) ... ... o

Hyx [N -0.00305(83) ...a .. ...

1;/1z ---0,000212(39) o L a o

In /N7 x 101 -0.25(51)

ho /117 x 101 —0.16(35) e L L a

ha /117 x 104 0.1092(228) L a L L

Ly /17 x 10" 0.317(66)

Loxxx/Nzx 100 —0.2635(207) L L e

Lok /Nz x 100 —0127(52) . L L

:l"‘-i;;lit?:"@@s{ﬁloz values. - 7 == - = — ==

b Fiixed as described in the tex(.




‘J'able IV. Fitted Quadruple Splittings

I'ransition

Calc. Ireq. splitting” OC

305,32 ~ 304,32

4135 405,35

36,31 --355,3]

357,28 -~ 3,28

214889,295 2.198(80) —0.009
3.216(80) 0.011
5.352(80) -0.061
215007.825 0.940(80) 0.077
1.050(80) -0.148
2.066(80) 0.005
215643.407 1.358(80) 0.00{)
2.678(80) - 0.021
215751.158 0,905(100) 0.134
2.006(100) 0.065
2.857(100) 0.143

22.,.--2112,10 252479.140 0.368(40) 0.019

60&52 ”597,52

1.173(40) --0.044
1.539(40) --0.026
317403,257 1.990(80) 0.013
3.208(80) -0.003
5.182(80) - 0,006

4 Mcasured from lowest frequency feature.

® Blended.

I'ransition

Calc. ]“l‘&]. Sﬁlwtfmg“ ()- C

gﬁ‘n 60 7910,69

652,63 - 64163

654 63 — 04963

3332,22- 933122
923220~ 9231,22
4932,18- 193118
4859,16~ 4831 18
413510~ 413110
40378 - 403110
37325 — 37317
181068~ 179,68

8111,70- 801070

415112381 1.800(80) 0.031

3. 600(80) 0.060
416379 .364° 1 .800( 80) 0.079
416379.367b 2.520(80) 0.037

4,200(80) -0.004
419551.968 1 .335(80)0.127
419618.522 1.330(80)0.089
419806.501 1 .497(80) 0.054
419865.401 1 .510( 80) 0.037
420228.860 2,002(80) --0.016
420274359  2.147(80) --0,019
420401.482 2.640(80) 0.166
421930.262 1.988(80) -0.089
3.409(80) ---0.004
5.469(80) --0.021
1.523(80) --0.032
2.582(80) 0.037
/4.047(80) - 0.052

422695,305




Table V. Chlorine Quadrupole Coupling Constants
[ 17C10010, | CIONO,* [ (I0°CI0; | FCiO} )
Xeo | —741(9) |~ 83.9(3) |- 92:6(12) | - 34.75(13)
xe | 14.5(6) | 18.8(10) | - 24.0(7) | - 17.08(13)
[ Xee | 59.6(6) 7__»47‘65.](]er 469(;7) ‘511_8?(16)

a Reference 12. - T
®Reference 13.




Table V]. Chlorine substitution coordinates

35 ChOsyeforence |~ "Cla0y refercnce
T R b c

*C10CI0, | 1.9258 0.0522 0.0037: |1.9095 0.0470 0.0147
.C10"C10,| 0.9251  0.0694 0.3278 _[ 10.9423 0.0662_0.3203




Table V11I. Molecular Parameters with Fixed Outer Cl- O Bond length

IO T o 112 123 134 _135 [123__- 1235 [234 L 435 [1235_
1 [1.705 1.758 1.470 1.424 112.33 109.40 99.94 112.97 31.75
1.673 1.755 1.474 1.424 114.10 109.G8 99.62 113,02 32.35
RMS = 0.00172 amu-A?

2 |1.705 1.598 1.529 1.536 121.26 101.30 103.30 118.22 30.17
1.673 1.598 1.530 1.534 123.25 101.22 103.39 118.2030.81
RMS= 0.00157 amu-A?

3 |1.705 1.812 1.409 1.455109.19 104,71 98.05 114.62 49.81
1.673 1.809 1.415 1.453 110.80 104.99 97.64 114.76 51,02
RMS = 0.00024 amnu-A?

4 [1.705 1.665 1.475 1.554 116.74 97.02 101.10 120.07 49.58
1.6731.666 1.481 1.546 118.47 96.94 101.13 120.12 51.00
RMS == 0,00029 amu-A?

Bon ' lengths in A, angles in degrees. -




‘liable V]]]. Molecular Parameters withldentical Cl=0 Bond Lengths

it L, 13 a4 £123 /935 La34 Lazs L1235 RMS

Ta 1.705 1.738 1.457 113.3 108.6 108061 ~ 5 112.6 3 1.2 0.00215
L.673 1.736 1.458 115,1 108® 101.2 112.5 31,8 0,00220
2a@ |1.705 1.602 1.531 121.0 7101.5 103.1 118.3 30.2 0.00159
1,673 1.596 1.533 123.4 101.1 103.5 118.2 30.8 0.00158
da [1.705 1.825 1.427 108.6 105.3 96.7 114.7 49.7 0.00156
L6673 1.819 1.430 1104 1084 96.6 114.9 51.0 0.00129
4a 17005 ©d0nninimumn

L6673 1.702 1.497116.5 987 99.1 119.850.1 0.00229

Units are given in Table VII. Fit 3a is preferrc;i as discussed in the text.




‘1'able 1X.

Structural Parameters as a Function of Cl=0 Bond L.ength.®

l34 l2 L3 La3s L2134 Lazs L1235 RMS
" Structures near Iit 3a

1.420 1.836 108.1 105.9 964 114.3 50.2 0.0017

1.430  1.820 108.8 1050  96.9 114.9 495 0.001 G

1.440 1.804 109.6  104.1 97.3 115.6 49.0 0.0018

1.450 1.788 110.4 103.2  97.6 116.3 487 0.0021

1.460 1.771 111.2 1023 98.0 117.() 48.5 0.0024

1.470 1.754 112.1 101,4 98.2 117.8 484 0.0026

Structures ncar'_]:‘l‘it_l_lg ’ '

1420 1797 1105 1124  99.7 109.9  33.0 0.0039

1.430 1.781 111.2 111.3 100.3 110.6 324 0.0030

1.440  1.765 112.0 110.3 100.8 111.3 31.9 0.0025

1.450 1.749 112.8 109.3 101.2 112.1 314 0.0022

1.460  1.733 113.6 108.3 101.6 112.8 311 0.0022

1.470 1716 1145 107.3 101.9 113.6 30.8 0.0022
Paramcters of Related Molecules

Molecule laico lo: o Lciox Lo. ci=0 Zo-c1-X

ClO0CI? 1,704 110.1

ClOCIe 1.700 110.9

CIONQ,? | .673 113.0

OClOe® 1.471 117.5

1'CI10,/ 1.420 1153  101.8

alyy = 1.705A. Units are givenin Table V]]. Preferred strut.tutcs are scar Fit 3a.

"Ref. (1), “Ref. (1 7),4 Ref. (14),"Ref. (18),7 Ref. (16).




